Progressive childhood encephalopathy is an etiologically heterogeneous condition characterized by progressive central nervous system dysfunction in association with a broad range of morbidity and mortality. The causes of encephalopathy can be either non-genetic or genetic. Identifying the genetic causes and dissecting the underlying mechanisms are critical to understanding brain development and improving treatments. Here, we report that variants in TRAPPC12 result in progressive childhood encephalopathy. Three individuals from two unrelated families have either a homozygous deleterious variant (c.145delG [p.Glu49Argfs*14]) or compound-heterozygous variants (c.360dupC [p.Glu121Argfs*7] and c.1880C>T [p. Ala627Val]). The clinical phenotypes of the three individuals are strikingly similar: severe disability, microcephaly, hearing loss, spasticity, and characteristic brain imaging findings. Fibroblasts derived from all three individuals showed a fragmented Golgi that could be rescued by expression of wild-type TRAPPC12. Protein transport from the endoplasmic reticulum to and through the Golgi was delayed. TRAPPC12 is a member of the TRAPP protein complex, which functions in membrane trafficking. Variants in several other genes encoding members of the TRAPP complex have been associated with overlapping clinical presentations, indicating shared and distinct functions for each complex member. Detailed understanding of the TRAPPopathies will illuminate the role of membrane protein transport in human disease.
The combination of developmental regression, acquired microcephaly, and seizure disorder is consistent with the diagnosis of progressive childhood encephalopathy, which occurs at an overall cumulative incidence of 0.60 per 1,000 live births. 1 At the time of initial presentation, it is often impossible to determine whether encephalopathy is progressive, particularly in infants. Childhood encephalopathy can be caused by insults (hypoxia, hemorrhage, or toxins) or mutations in multiple genes associated with biochemical disorders and genetic syndromes. Both recessive and de novo dominant mechanisms have been described. In the absence of clear hypoxic or ischemic injury, history, clinical examination, and initial clinical testing often do not point to a specific diagnosis. Determining a diagnosis provides more precise prognostic information, prompts evaluations for associated complications, and increasingly guides specific treatment, particularly for biochemical disorders. For infants with encephalopathy, this information can be essential for medical decision making.
Genetic testing holds the promise of quickly identifying a specific cause for individuals with non-specific clinical presentations such as encephalopathy, but first, the genetic causes of these conditions must be identified and the associated clinical presentations must be described. The identification of encephalopathy-associated genes, via homozygosity mapping and candidate-gene sequencing, was progressing at a slow pace from 2000 to 2010. This has greatly accelerated in recent years thanks to the introduction of whole-exome sequencing (WES). As a result, remarkable advances are being made in the genetics of these early-onset neurodegenerative disorders. [2] [3] [4] [5] [6] [7] A major challenge in WES analysis is identifying diseaseassociated variants among polymorphisms. Consanguinity, practiced by about 20% of the human population, including 31% of Israeli Arabs and 40% of Palestinian Arabs, 8, 9 can facilitate the identification of candidate disease-related genes because of the presence of homozygous rare deleterious variants in affected individuals. Identifying compound-heterozygous variants in affected individuals from additional non-consanguineous families of different ethnicities further strengthens the evidence associating a gene with a specific disorder.
Here, we report variants in TRAPPC12 (MIM: 614139) as a cause of progressive childhood encephalopathy on the basis of human genetic data from three affected individuals in two families (one consanguineous and one nonconsanguineous). We further provide functional data showing changes in Golgi morphology, membrane-trafficking dysfunction, and mitotic delay in their fibroblasts.
Independently in Israel and the United States, we identified three affected individuals in two families with similar clinical features, including progressive encephalopathy, pons hypoplasia, agenesis of the corpus callosum, and brain atrophy (Table 1) .
Procedures in this study were performed in accordance with the ethical standards of all institutions involved, and informed consent was obtained from all families.
In family 1, the 21-month-old affected boy (1:II-8) is the only living child of consanguineous Palestinian parents ( Figure 1A ). Five previous pregnancies ended in spontaneous abortions, a sixth pregnancy was terminated as a result of multiple anomalies, and a further child was born at 24 weeks of gestation and died soon after birth. Pregnancy and delivery of 1:II-8 were normal, as was the perinatal course, except that the individual failed neonatal hearing screening by otoacoustic emissions. Initial concerns regarding his development were raised at the age of 5 months, when the parents noted brief flexion seizures. Concomitantly, he stopped smiling, and visual tracking ceased. On examination at 6 months of age, truncal hypotonia, appendicular spasticity, microcephaly (40.2 cm, <À3 SD), and lack of response to social overtures were noted. On physical examination, no syndromic stigmata or other abnormalities were present. Initial electroencephalography (EEG) showed hypsarrhythmia ( Figure S1 ) compatible with a diagnosis of West syndrome. His subsequent course was notable for a lack of psychomotor development, persistent epilepsy, and arrested head growth. Brain MRI was performed at 8 months of age and revealed pons hypoplasia, partial agenesis of the corpus callosum, and diffuse brain atrophy, as well as a relatively spared cer-ebellum (Figures 2A and 2E and Table 2 ). Extensive metabolic workup was negative; however, cerebrospinal fluid lactate was moderately elevated (3.2 mM, N < 2.1).
In family 2, the 32-year-old mother of 2:II-4 arrived at our prenatal diagnostic clinic after a maternal serum screen revealed a 1/55 risk of trisomy 18 and an outside ultrasound at an estimated 20 weeks of gestation revealed absent cavum septi pellucidi. Follow-up ultrasound and fetal MRI revealed agenesis of the corpus callosum but no other abnormal imaging findings. The family history was significant for a sister (2:II-1) with profound developmental disability, mixed hearing loss, seizures, and microcephaly (head circumference at À4 SD). The parents are nonconsanguineous ( Figure 1B ) and of mixed European and Native American background. Individual 2:II-4 was born by uncomplicated vaginal delivery at 36 weeks of gestation, and her newborn course was unremarkable except for minor feeding difficulties and the identification of pons hypoplasia and agenesis of the corpus callosum on brain MRI ( Figure 2 ). She failed her newborn hearing screen and has documented bilateral 40-50 dB mixed hearing loss. Over time, 2:II-4 developed features similar to those of her sister (2:II-1), including spastic quadriplegia, myoclonic jerks, and severe disability. During infancy, both girls made small developmental gains such as tracking and smiling but then plateaued. Before her demise from presumed respiratory insufficiency at 4 years 9 months, 2:II-1 developed seizures, increasing spasticity, and a neurogenic bladder. Review of brain imaging for all three affected individuals revealed remarkably similar findings, including pons hypoplasia, agenesis of the corpus callosum, and marked brain atrophy documented by scans from 3 days to 11 months of age ( Figure 2 and Table 2 ). We performed exome sequencing of the affected individual in family 1 (1:II-8) and the two affected individuals in family 2 (2:II-1 and 2:II-4) and analyzed the data under a recessive model. Exome analysis of 1:II-8 yielded 75.5 million mapped reads with a mean coverage of 1293. After alignment to the reference genome (UCSC Genome Browser hg19) and variant calling, we performed a series of filtering steps. These included removing variants that were called fewer than eight times, were heterozygous, were synonymous, and had a minor allele frequency (MAF) > 1% in the ExAC (Exome Aggregation Consortium) Browser or MAF > 1% in the Hadassah in-house database. A total of 15 variants remained (Table S1 ), but using evolutionary conserva- Figure 1 . Pedigrees and Characterization of TRAPPC12 Variants (A and B) Pedigree structure for family 1 (A) and family 2 (B). Electropherograms are shown for affected regions in 1:I-1 (carrier father), 1:II-8 (affected), and 2:II-4 (affected). Note that the heterozygous variant c.145delG in the proband's father (1:I-1) results in a mixture of bases from that region onward but not in 1:II-8. Similarly, 2:II-1 and 2:II-4 have the frameshift variant c.360dupC, resulting in a mixture of nucleotides from the point of insertion, as well as the missense c.1880C>T. (C) A cartoon of the structure of TRAPPC12 with known domains and the locations of the variants in 1:II-8 (red) and 2:II-1 and 2:II-4 (blue). Note that phosphorylation indicates a region of phosphorylation known to affect mitosis. 10 tion, the presence of homozygotes in the ExAC Browser, and pathogenicity-prediction software, we focused on chr2: g.3391539delG (c.145delG; p.Glu49Argfs*14)
(GenBank: NM_ 016030.5) in TRAPPC12. We confirmed homozygosity in the individual and heterozygosity in the parents by Sanger sequencing. The variant was not carried by any of the 49,094 individuals whose exome analyses were deposited in the ExAC Browser (accessed September 2016) and covered the gene, and it was not present in our in-house database (of $850 Muslim-Arab exome analyses). In parallel, individuals 2:II-1 and 2:II-4 were sequenced with a mean coverage of 1883 and 2113, respectively. We filtered out variants with an MAF > 1% in the ExAC Browser and prioritized genes with two stop-gain, frameshift, canonical splice-site, or predicted-deleterious missense variants in both siblings. The variants in TRAPPC12 and DOPEY2 (MIM: 604803) met these criteria (Table S1 ). TRAPPC12 was our top candidate because it contained frameshift variant chr2: g.3391754_ 3391755insC (c.360dupC; p.Glu121Argfs*7) (GenBank: NM_016030.5) and predicted-deleterious missense variant chr2: g.3482619C>T (c.1880C>T; p. Ala627Val) (GenBank: NM_016030.5), whereas DOPEY2 contained two missense variants, and because the phenotype was nearly identical to that of individual 1:II-8, who carries the homozygous frameshift variant. Sanger sequencing confirmed the TRAPPC12 variants in both affected siblings, whereas the father carries the frameshift variant and the mother carries the missense variant. Neither of the unaffected siblings carries both variants. It is noteworthy that gnomAD lists two instances of p.Ala627Val and eight instances of p.Ala627Thr among 246,176 alleles, well within the range of carrier frequencies expected for a very rare disorder.
TRAPPC12 was identified as a component of a large complex called TRAPP, which functions in membrane trafficking between the endoplasmic reticulum (ER) and the Golgi. 11 As expected for the homozygous truncating variant in 1:II-8, western blot analysis failed to detect any full-length TRAPPC12 ( Figure 3A) . Unexpectedly, the fulllength protein was also absent in 2:II-1 and 2:II-4, in whom one allele is predicted to result in the missense change p.Ala627Val. In all three affected individuals, an increase in the proportion of cells with a fragmented Golgi was noted ( Figure 3B and quantified in Figure 3D ), consistent with the fragmentation reported in HeLa cells when TRAPPC12 was depleted by RNA interference. 10, 11 In order to confirm that the Golgi phenotype was indeed due to the loss of TRAPPC12, we transfected fibroblasts with a V5-tagged wild-type TRAPPC12 and visualized the Golgi in the transfected and non-transfected cells. As seen in Figure 3C and quantified in Figure 3D , transfected cells from affected individuals displayed a more ribbon-like, compact pattern for the Golgi than did non-transfected cells, suggesting that the fragmented Golgi phenotype is due to the absence of TRAPPC12. Recently, TRAPPC12 was reported to play a role in mitosis, and depletion of the protein in HeLa cells resulted in a chromosome congression failure. 10 Therefore, we assessed the timing of mitosis between fibroblasts derived from all three affected individuals and those from control samples. Indeed, 1:II-8, 2:II-1, and 2:II-4 showed a significant lengthening of the time from prophase until the onset of anaphase ( Figure 3E ).
We then used live-cell imaging to track the movement of a marker protein (VSVG-GFP-ts045) from the ER through the Golgi and on to the plasma membrane. 13 This protein remains trapped in the ER at elevated temperature (40 C) and can be released in a single wave of export when the culture temperature is lowered (32 C). The marker protein's entrance into and exit from the Golgi can be monitored by quantification of the fluorescent signal in the Golgi over time. As shown in Figure 4A , VSVG-GFP-ts045 was transported from the ER to the fragmented Golgi in all three affected individuals. Quantification of the fluorescence signal ( Figure 4B ) suggested that the protein arrived in the Golgi slightly later in 1:II-8, 2:II-1, and 2:II-4 cells than in wild-type fibroblasts. The protein then remained in the Golgi of 1:II-8, 2:II-1, and 2:II-4 cells longer than in control cells. These results are consistent with those reported for variants in another TRAPP subunit, TRAPPC11. 14, 15 To confirm and better assess the ER-to-Golgi delay, we employed the RUSH (retention using selective hooks) assay, in which the Golgi marker protein is retained in the ER via an interaction that can be reversed upon the addition of biotin. 16 As shown in Figure 4C and quantified in Figure 4D , fibroblasts from all three affected individuals showed later arrival of the marker protein in the Golgi than did control cells. Documented volume loss was noted between 3 days (B) and 11 months (C) of age in 2:II-1. T2 signal is increased in the white matter, consistent with decreased myelination. Basal ganglia volume is relatively spared (asterisks). 2:II-4 also has progressive ventriculomegaly beyond what would be expected for cortical volume loss but did not have overt symptoms of increased intracranial pressure. (E-H) T1-weighted sagittal images show severe pons hypoplasia (arrows) and agenesis of the corpus callosum, as well as relative sparing of the cerebellum.
Herein, we have identified three individuals in two families with bi-allelic, rare predicted-deleterious variants in TRAPPC12, a gene that encodes a subunit of the TRAPP complex. All three individuals have severe neurodevelopmental disability, hearing loss, microcephaly, and a recognizable constellation of brain imaging findings, including pons hypoplasia, agenesis of the corpus callosum, and supratentorial atrophy. Although it is not possible to generalize the phenotypic presentation on the basis of three individuals, the constellation of congenital encephalopathy, hearing loss, pons hypoplasia, and prominent supratentorial atrophy is unusual and should prompt evaluation of deleterious TRAPPC12 variants in single-gene, panel, or exome-sequencing data. TRAPPC12 could be included in sequencing panels for neonatal encephalopathies, hearing loss, pontocerebellar hypoplasia, and brain atrophy disorders.
The symptoms described above for all three individuals are most likely a result of the lack of TRAPPC12. The complete absence of full-length TRAPPC12 from 2:II-1 and 2:II-4 ( Figure 3A) can have several explanations. Although the c.360dupC allele would be predicted to result in a prematurely truncated protein, the c.1880 C>T allele is predicted to result in only a conservative p.Ala627Val missense variant. This alanine residue is at position 8 of the third tetratricopeptide repeat (TPR) domain ( Figure 1C ). TPR domains are composed of a degenerate 34 amino acid primary structure in which several residues are key, including position 8, which is nearly invariably alanine, glycine, or serine. 17, 18 Changing this residue to a bulky valine would be predicted to have deleterious effects on the function and/or structure of this domain. The absence of the protein could be due to its instability with valine at position 627 and degradation via the proteasome. Interestingly, treatment of fibroblasts from 2:II-1 and 2:II-4 with the proteasome inhibitor MG-132 did not result in the appearance of the full-length protein (data not shown). Furthermore, decreased gene expression does not explain the absence of TRAPPC12, given that the mRNA for 2:II-1 and 2:II-4 was present at 68.3% (53.3) and 72.0% (53.4), respectively, of control levels according to qPCR. Understanding the reason for the lack of protein in these individuals will be the subject of further investigation.
One of the two mothers (1:I-2) had recurrent spontaneous abortions and premature labor. In addition to playing a role in ER-Golgi transport, TRAPPC12 has been recently reported to also function in mitosis. 10 Its depletion caused activation of the spindle assembly checkpoint and affected the structure of the kinetochore and the recruitment of CENP-E. It is tempting to speculate that this role of TRAPPC12 was affected at an early stage of the pregnancy. Alternatively, TRAPPC12 haploinsufficiency might have a detrimental effect on the ability of the mother to carry an embryo to full term. In this regard, it is noteworthy that the levels of the TRAPP subunit TRAPPC2 have been implicated in miscarriage. 19 The TRAPP complex was discovered first in yeast as a multi-subunit vesicle-tethering complex. Yeast have three TRAPP complexes: TRAPP I, implicated in ER-to-Golgi transport; 20 TRAPP II, implicated in late Golgi trafficking; 21 and TRAPP III, implicated in autophagy. 22, 23 All three complexes share a common core of subunits and additional TRAPP II-and TRAPP III-specific subunits. 24 In mammals, two TRAPP complexes have been described, and they are equivalent to the yeast TRAPP II and TRAPP III complexes, 25 which function at ER exit sites (C) Control, 1:I-1, 1:II-8, 2:II-1, and 2:II-4 fibroblasts were transfected by electroporation with a V5-tagged wild-type TRAPPC12 construct. Cells were then processed for immunofluorescence microscopy and stained as in (B), except that anti-V5 antibody was also used to reveal the TRAPPC12-transfected cells. Note the more compact Golgi in the transfected cells than in the neighboring non-transfected cell. Scale bars, 25 mm.
(D) Golgi fragmentation in non-transfected cells from (B) and (C) and V5-TRAPPC12-transfected cells from (C) were quantified (5SEM). Golgi fragmentation was based upon the criteria stated previously. 12 The numbers above each bar represent N values. (E) Fibroblasts were grown in the presence of 75 nM SiR-tubulin (Cytoskeleton, Inc.) for 3 hr and 50 ng/mL Hoechst (to label DNA) for the final 15 min before visualization by real-time microscopy overnight. Cells that underwent mitosis during imaging were quantified (5SEM) by assessment of the time between prophase and anaphase. Prophase was defined by the appearance of condensed DNA with two centrioles at opposite poles, and anaphase was defined as the initial separation of the aligned metaphase DNA. Significance was assessed between wild-type and each subject by a one way ANOVA. Post hoc differences were made with Fisher's probability of least squared differences. p values % 0.01 are indicated by an asterisk. The antibodies used in this figure were (A) anti-TRAPPC12 (generated in house to full-length recombinant protein) and anti-tubulin (Sigma, DM1A), (B and C) anti-mannosidase II (kind gift from Dr. Kelly Moremen, University of Georgia), and (C) anti-V5 (Abcam, ab27671). and in autophagy. 11, 26 The mammalian complexes (reviewed in Kim et al. 27 ) are composed of at least 13 distinct polypeptides (C1-C6a, C6b, and C8-C13), and disease-causing variants were recently described in three of them. Bi-allelic variants in TRAPPC11 (MIM: 614138) have been reported in individuals with intellectual disability, movement disorder, premature cataracts, steatosis, achalasia, alacrima, scoliosis, and muscular dystrophy; 14, 15, 28 variants in TRAPPC2 (MIM: 300202) have been described in individuals with an X-linked skeletal disorder; 29 and variants in TRAPPC9 (MIM: 611966) have been reported in individuals with autosomal-recessive intellectual disability. 30 The present study now adds a fourth TRAPP subunit gene, TRAPPC12, to the growing list of genes involved in TRAPP-opathies. The variants (homozygous and compound heterozygous) result in complete loss of full-length TRAPPC12 and are associated with fragmentation of the Golgi, similar to what was observed in HeLa cells upon knockdown of the protein. 10, 11 Alterations of the Golgi apparatus are accompanied by loss or gain of function in protein sorting, processing and transport, and activation of apoptotic pathways. 31 It is noteworthy that Golgi fragmentation is commonly observed in several neurodegenerative disorders, although a cause-and-effect relationship is still unknown. 32 Defects in subunits of the conserved oligomeric Golgi complex (required for intra-Golgi trafficking) and clathrin (a component of the clathrin coat involved in endocytosis), as well as proteins important in the docking and fusion of endosomal vesicles, were previously associated with progressive childhood encephalopathy (reviewed in Edvardson et al. 33 and Reynders et al. 34 ).
Delineating the genetic causes of childhood encephalopathies has important implications for prognostic and recurrence risk counseling, diagnostic and carrier testing, medical monitoring for complications, and treatment. In addition, these human disorders are helping to dissect the function of fundamental cellular processes, such as protein trafficking, and will have wide-reaching implications for developing future treatments that target these processes.
Accession Numbers
The accession numbers for the TRAPPC12 variants reported in this paper are ClinVar: SCV000583603 and SCV000583604. Supplemental Data include one figure and one table and Figure S1 . EEG at six months of age in 1:II-8 shows disorganized background activity with multifocal and generalized epileptiform activity consistent with hypsarrhythmia. 
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